Light curve observations of a recently discovered interstellar object 1I/'Oumuamua suggest that this object has an extremely elongated shape with the axis ratio 0.3 or smaller. Planetesimal collisions can produce irregular shapes including elongated shapes. In this paper, we suggest that the extremely elongated shape of 1I/'Oumuamua may be the result of such an impact. To find detailed impact conditions to form the extremely elongated objects, we conduct numerical simulations of planetesimal collisions using Smoothed Particle Hydrodynamics method for elastic dynamics with self-gravity and interparticle friction. Impacts into strengthless target planetesimals with radius 50 m are conducted with various ratios of impactor mass to target mass q, friction angles φ d , impact velocities v imp , and impact angles θ imp . We find that impacts with q ≥ 0.5, φ d ≥ 40
Introduction
1I/'Oumuamua was discovered by Pan-STARRS1 on October 2017 (Meech et al. 2017) . It is recognized to be an interstellar object because of its high orbital eccentricity e ≈ 1.2. A considerable fraction of planetesimals are ejected from planetary systems during the planet formation stage (Fernandez 1978; Bottke et al. 2005; Raymond et al. 2018; Jackson et al. 2018) ; thus it is no wonder that interstellar objects exist. Moreover, the velocity at infinity v ∞ ≈ 26 km/s of 1I/'Oumuamua is close to relative velocities of stars in the solar neighborhood. Therefore this object is likely to come from a nearby planetary system (Meech et al. 2017; de la Fuente Marcos & de la Fuente Marcos 2017) .
The absolute magnitude of 1I/'Oumuamua is H V ≈ 22 mag, which corresponds to a mean radius of about 100 m with albedo 0.04 (Meech et al. 2017; Bolin et al. 2018; Bannister et al. 2017) . The rotation period of 1I/'Oumuamua is about 8 hours (e.g., Bolin et al. 2018) . Its spectral features are consistent with that of D-type asteroids or comets (Meech et al. 2017) . Although no cometary activity is reported based on the analyses of imaging observations (Meech et al. 2017; Ye et al. 2017; Jewitt et al. 2017) , non-gravitational acceleration of 1I/'Oumuamua is measured from its trajectory (Micheli et al. 2018) , which may be the result of mild cometary activity. Thus it is not clear whether 1I/'Oumuamua is a volatile-rich comet-like body or a rocky asteroid-like body.
An interesting characteristic of 1I/'Oumuamua is the large light curve amplitude of about 2.5 mag (Meech et al. 2017) . If this light curve variation is caused by change of cross section due to rotation around the minor axis, 1I/'Oumuamua has an extremely elongated shape. Although its dimensions are not yet fully specified because of the short observational period, the ratio of intermediate axis length b to major axis length a is estimated in several studies as follows: b/a < 0.19 (Bannister et al. 2017) , 0.10 < b/a < 0.29 (Bolin et al. 2018) , b/a < 0.22 (Drahus et al. 2018) , b/a < 0.20 (Fraser et al. 2018) , b/a < 0.33 (Knight et al. 2017) , and b/a ≈ 0.1 (Meech et al. 2017) . Therefore, the ratio b/a is estimated to be smaller than about 0.3.
Several ideas have been proposed in the past to produce/explain extremely elongated objects. For example, impact experiments in laboratories show that some fragments among several thousands may have b/a < 0.3 (Michikami et al. 2016) . Tidal disruption may also produce elongated objects (Ćuk 2018). Simulations for the tidal destruction of 3 km sized rubble piles reproduced with N -body particles show that about 0.5% of resultant bodies produced in all simulations have b/a < 0.3 (Walsh & Richardson 2006) . Simulations for the spin deformation of rubble piles show that rubble piles with spin states close to equilibrium limits may evolve to elongated shapes (Richardson et al. 2005) . Recently it is suggested that extremely elongated objects may be formed through abrasion due to micro particle collisions (Domokos et al. 2009 (Domokos et al. , 2017 . Finally, collisional fragmentation and gravitational accumulation can form elongated objects (e.g., Leinhardt et al. 2000 Leinhardt et al. , 2010 Sugiura et al. 2018) .
Collisions generally occur during plant formation. In this paper, we investigate this collisional process in significant detail, namely, the possibility of forming extremely elongated objects through collisions. In our previous work (Sugiura et al. 2018), we conducted numerical simulations of equal-mass impacts between 50 km radius planetesimals, investigated the impact conditions required to form various irregular shapes, and showed that objects with b/a ≈ 0.2 can be formed through planetesimal collisions. Here, we focus on impact simulations with much smaller (50 m sized) planetesimals to reproduce extremely elongated objects with the size similar to that of 1I/'Oumuamua, and constrain detailed impact conditions to form shapes with b/a < 0.3. Here, we define remnants with b/a < 0.3 as extremely elongated remnants (hereafter EERs).
Method and initial conditions
To investigate the formation of irregularly shaped objects through planetesimal collisions and gravitational reaccumulation of fragments, we use a Smoothed Particle Hydrodynamics (SPH) code for elastic dynamics (Libersky & Petschek 1991 ) that includes self-gravity, a fracture model for rocky material (Grady-Kipp fragmentation model: Benz & Asphaug 1995) , and a friction model for granular material (Drucker-Prager yield criterion with zero cohesion : Jutzi 2015) . We parallelize our code utilizing Framework for Developing Particle Simulator (Iwasawa et al. 2015 (Iwasawa et al. , 2016 . We use basaltic spheres with zero rotation as colliding planetesimals. We conduct each impact simulation until 1.0 × 10 5 s after the time of impact, which is about 100 times longer than the typical timescale of reaccumulation ∼ 10 3 s. Thus the deformation of shapes due to reaccumulation of fragments is finished in much less than 1.0 × 10 5 s. After each impact simulation, we measure axis ratios of remnants based on the procedure described in Sugiura et al. (2018) .
In the rest of this section, we describe the highlight of the numerical methods, collision parameters, and initial conditions that differ from our previous work Sugiura et al. (2018) . For a more detailed description of our methods, see Sugiura et al. (2018) .
For a kernel function W (|x i −x j |, h), we use a cubic spline kernel (e.g., Monaghan & Lattanzio 1985) given by
where h is the smoothing length and x i and x j are the position vectors of the ith and j-th SPH particles, respectively. The kernel has a support radius smaller than that for Gaussian kernel, which reduces computational cost and enables investigation of a wider parameter space. For collisional formation of EERs with sizes similar to 1I/'Oumuamua, the radius of target planetesimals is set to R t = 50 m. We do not limit our simulations to equal-mass impacts, and simulations with several mass ratios q = M i /M t are also performed, where M t is the mass of targets, and M i (≤ M t ) is the mass of impactors. We use about 50,000 SPH particles for a target planetesimal because Sugiura et al. (2018) showed that this number of particles is sufficient to achieve the converged value of axis ratios of the largest remnants through the simulations of merging collisions with various resolutions.
We assume that the initial impactors are small primordial planetesimals that are too small to have melted due to radioactive decay of 26 Al (Wakita et al. 2014) . As a result, our initial planetesimals are set to have no tensile strength of monolith body but they do have shear strength determined by the friction of granular material (Richardson et al. 2002) . Following the fracture model of Benz & Asphaug (1995) , we use a damage parameter D. An SPH particle with D = 0 represents intact rock, and that with D = 1 represents completely disrupted rock, or granular material. The damage parameter D of all SPH particles is initially set to unity.
Frictional force depends on the friction coefficient µ d = tan(φ d ), where φ d is the friction angle, which is generally the same as the angle of repose. The friction angle of lunar soil is estimated to be 30
• − 50
• (Heiken et al. 1991) . We vary φ d in this range.
We use the Tillotson equation of state (EOS) for basalt described in Benz & Asphaug (1999) . For low internal energy in the Tillotson EOS, the pressure p is given by
where ρ 0 is the uncompressed density, a Til , b Til , A Til , B Til , and u 0,Til are the material-dependent Tillotson parameters, and ρ and u are the density and specific internal energy, respectively. Note that A Til B Til for most geologic materials. For impacts considered here, ρ ∼ ρ 0 and u ∼ 0, and hence the sound speed C s is given by A Til /ρ 0 .
A time step determined by the sound speed of basaltic body C s ≈ 3 km/s is calculated to be ∼ 10 −3 s, which is much smaller than the timescale of gravitational reaccumulation estimated to be 2R t /v esc ≈ 1, 600s, where v esc is twobody escape velocity of impacting planetesimals. Thus it is difficult to complete a simulation in an acceptable computation time with C s ≈ 3 km/s. However, if impact velocities are much smaller than C s , the shapes of collisional remnants obtained from simulations are almost independent of the value of C s because the shear strength is mainly determined by the friction (see Appendix A). Thus we set A Til and B Til to 2.67 × 10 4 Pa, which corresponds to C s ≈ 3 m/s. This sound speed is still much larger than impact velocities treated in our simulations ≤ 40 cm/s. The same approach utilizing reduced sound speed is adopted in Jutzi & Asphaug (2015) . The values of the Tillotson parameters used in the simulations are listed in Table 1 . 
Results
We conduct simulations with various mass ratios q, impact angles θ imp , impact velocities v imp , and friction angles φ d . Table 2 summarizes the conditions of the simulations. • . The collision induces elongation of the body (Fig.1b,c) , which leads to the formation of an EER (Fig.1d,e) . The ratio b/a of the largest remnant is 0.24. The rotation period of the largest remnant is 9.36 hours, which is comparable to that of 1I/'Oumuamua. As shown in Fig.  1 , we confirm that the EER keeps its extremely elongated shape at least until 1.0 × 10 5 s that corresponds to about three rotations of this object. Figure 2 shows b/a of the largest remnants, which mainly become the most elongated objects, formed through impacts with q = 1 and φ d = 40
• . From  Fig. 2a , we find that EERs are only formed for θ imp ≈ 15
• and v imp ≈ 15 − 20 cm/s. A more detailed parameter survey (Fig. 2b) shows that impacts with v imp sin θ imp ≈ 5.1 cm/s form EERs. Here, all largest remnants with b/a < 0.3 have the mass of ≈ M t + M i , which means almost complete merging. Sugiura et al. (2018) showed that the formation of elongated bodies needs large shear velocity v imp sin θ imp , which induces elongation of planetesimals. However, impacts with shear velocity that is too large result in splitting of colliding bodies, which do not lead to the formation of EERs. A moderate shear velocity v imp sin θ imp ≈ 5.1 cm/s results in sufficient elongation and merging to form EERs. Even if v imp sin θ imp ≈ 5.1 cm/s, impacts with v imp ≥ 25 cm/s mainly result in catastrophic destruction, and those with θ imp ≥ 20
• mainly result in hit-and-run collisions; neither of them are likely to form elongated objects. Therefore, we find that impacts with θ imp ≤ 20
• , v imp ≤ 25 m/s and v imp sin θ imp ≈ 5.1 cm/s form EERs for q = 1 and φ d = 40
• . We find one example of EER formation in smaller remnants. We obtain an EER that is formed from the third largest remnant for θ imp = 15
• and v imp = 24 cm/s as shown in Fig 3 . This impact has a larger impact velocity than that shown in Fig. 1 and produces a large ejecta curtain (Fig. 3b develops into a filamentary structure through reaccumulation of fragments in the direction perpendicular to the impact velocity vector (Fig. 3c) . Gravitational fragmentation of the filament leads to the formation of an EER (Fig. 3d,e) , which has the mass of 0.24M t and b/a of 0.27. However, among the impact simulations with φ d = 40
• , this is the only example producing an EER that is not the largest remnant. Figure 4 represents b/a of the largest remnants formed through various impacts with q = 1 and φ d = 50
Dependence on the friction angle
• . The obtained b/a is not distributed smoothly in the v imp and θ imp space. This non-smoothness might be due to the limited number of data points in this diagram compared to that in Fig. 2b . The formation of EERs occurs in a wider parameter space than that for φ d = 40
• . We find that parameters producing EERs concentrate around v imp sin θ imp ≈ 7.4 cm/s with θ imp ≤ 30
• and v imp ≤ 35 m/s. Note that for φ d = 50
• EERs are also formed from smaller remnants in four parameters with θ imp ≈ 25
• and v imp ≈ 20 − 30 cm/s.
We also conduct impact simulations with q = 1, φ d = 30
• , and various parameters within 12.5 cm/s ≤ v imp ≤ 35 cm/s and 5
• ≤ θ imp ≤ 20
• . Although the ranges of impact velocities and angles are almost the same as those in Fig. 2 or Fig. 4 , no EERs are formed through impacts with φ d = 30
• . Thus we find that the formation of EERs needs the friction angle φ d ≥ 40
• . EERs are formed through collisional elongation of planetesimals and reaccumulation of fragments along the long axis (see Fig. 1 or Fig. 3 ). In the reaccumulation phase, the frictional energy dissipation is given by (Sugiura et al. 2018) 
where G is the gravitational constant, L is the displacement of fragments on the surface of an EER, and R r and p c are the mean radius and the central pressure of this EER, respectively. On the other hand, total kinetic energy of the fragments accumulating for the formation of the EER is estimated as
where M r is the mass of this EER and v esc,r is the surface escape velocity from the EER. Equating E kin and E dis , we have
If the displacement is much greater than the remnant size, i.e, L/R r 1, EERs are not formed because of large deformation in the reaccumulation phase. Thus the formation of EERs requires µ d 1, or φ d 45
• . Interestingly, this condition solely depends on µ d so that it is applicable to impact events with various spatial scales. Figure 5 shows snapshots of the impact with q = 0.5, φ d = 50
Dependence on the mass ratio
• , θ imp = 20
• , and v imp = 25 cm/s. The asymmetric destruction of planetesimals occurs because of the unequal-mass impact (Fig. 5b) . The collision induces elongation (Fig. 5c) , which leads to the formation of an EER (Fig. 5d,e) . This remnant has 1.1M t , a = 263 m, and b = 72 m, so that b/a = 0.27. • . We find that three impacts with θ imp = 20
• and v imp ≈ 25 cm/s form EERs. We also conduct impact simulations with q = 0.25, φ d = 50
• , and various parameters within 15 cm/s ≤ v imp ≤ 55 cm/s and 10
• ≤ θ imp ≤ 35
• . Although impacts in this parameter range include various types of collisions (merging, hitand-run, and catastrophic destruction), no impacts with q = 0.25 form EERs. Overall deformation of target planetesimal requires q ∼ 1 because collisions with small impactors induce local deformation with the size comparable to that of impactors. Therefore the formation of EERs requires q ≥ 0.5.
Discussion
In Figs 2, 4, and 6, the parameters forming EERs are limited and the collisional probability for EER formation is low. However, formation of extremely elongated objects through other processes is also difficult. For example, if four spherical planetesimals with equal size stick together in a completely straight line, an object with b/a = 0.25 is formed. The collisional formation of the body requires three nearly head-on impacts with low velocities; such probability might be smaller than that of EER formation due to elongation through single collision. Thus, we focus on EER formation through collisional elongation, and estimate the dynamical environment for such collisions.
Impact velocities required to produce EERs (15 cm/s ≤ v imp ≤ 40 cm/s) are much smaller than typical orbital velocity around a star ∼ 10 km/s. The velocity dispersion, which determines mean impact velocities, should be 10
times smaller than the orbital velocity. A dynamically cold protoplanetary disk is required in order to achieve such a low velocity dispersion. Here, we focus on turbulence and gravitational interaction with large bodies as dynamical excitation of planetesimals in protoplanetary disks, and give some constraints for environment such that v imp ≤ 40 cm/s.
It should be noted that the impact velocity to form extremely elongated objects may be increased if we additionally consider cohesion of granular material. The cohesion of lunar soil is estimated to be 1 kPa (Heiken et al. 1991) . In contrast, central pressure of a planetesimal with the radius 50 m is about 10 Pa, which gives the typical value of frictional stress. Thus impact velocity required for collisional elongation may become ten times larger if cohesion is included. Note that the fragments produced through high-velocity impacts tend to have high ejection velocities and easily escape from the system. On the other hand, cohesion is apt to prevent elongated shapes due to its large tensile strength if elongation occurs. The effect of cohesion will be investigated in our future papers.
Turbulence
Turbulent stirring increases relative velocity v rel between bodies in protoplanetary disks. For 100 m sized bodies, the stopping timescale t s due to gas drag in the minimum mass solar nebula model with a central star with the solar mass and luminosity is given by (Hayashi 1981; Weidenschilling 1977) 
where r is the orbital radius and Ω K is the Keplerian angular frequency. The gas drag is determined by the Epstein law for r > 19 AU, the Stokes law for 1.6 AU < r < 19 AU, and the Newton law (high Reynolds number) for r < 1.6 AU. For t s Ω K 1, v rel controlled by turbulent stirring is given by (Cuzzi et al. 2001; Ormel & Cuzzi 2007) 
where C s is the sound speed of gas and α is the strength of turbulence in Shakura-Sunyaev prescription. Figure 7 shows v rel as a function of r and α, and we find that α < 5 × 10 −4 for 1 AU < r < 20 AU and α < 5 × 10 −4 (r/20 AU) Magnetorotational instability (MRI) is a dominant source of turbulence. MRI is active in vicinities of a central star with high ionized fraction (r < 0.1 AU) or sufficiently distant from a central star with low surface density of gas (r > 10 AU), which results in strong turbulence with α ∼ 10 −2 (e.g., Flock et al. 2017) . MRI non-active regions (dead zones) are roughly considered to be the mid-plane with 0.1 AU < r < 10 AU (e.g., Kretke et al. 2009 ). The strength of turbulence in dead zones is estimated to be 10 −6 < α < 10 −3
(e.g., Flock et al. 2017; Ilgner & Nelson 2008; Mori et al. 2017) . Thus impacts with v imp ≤ 40 cm/s between two 100 m sized planetesimals could occur in dead zones with 1 AU < r < 10 AU. On the other hand, observations of a protoplanetary disk suggest that α for the outer disk is smaller than values expected from MRI turbulence. Pinte et al. (2016) show that apparent gaps of HL Tau require α ∼ 10 −4 . Note that such a small α is favorable for creating the observed multiple ring-like structure in HL Tau through secular gravitational instability (Takahashi & Inutsuka 2014 Tominaga et al. 2018) . Impact velocities of v imp ≤ 40 cm/s are found in protoplanetary disks with α ∼ 10 −4 (see Fig. 7 ), and thus 1I/'Oumuamua may have formed in a protoplanetary disk like HL Tau.
Size of larger planetesimals
Gravitational stirring by larger planetesimals increases the relative velocity between surrounding smaller planetesimals. We consider two groups of planetesimals: One of them is small planetesimals with the radius 100 m, and the other one is large planetesimals with the radius R. Through viscous stirring by large planetesimals, the relative velocity of small planetesimals u increases at a rate of (Ida & Makino 1993) 
where ρ s is the density of bodies, Σ is the surface density of large planetesimals, and v esc is the escape velocity from a large planetesimal. The relative velocity is decreased through gas drag at a rate of (Adachi et al. 1976; Kobayashi 2015) 1 u
which is inversely proportional to the stopping time. The balance between the increasing rate Eq. (8) and the decreasing rate Eq. (9) gives the relative velocity at a steady state Figure 8 shows the relative velocity in the minimum mass solar nebula. The surface density of large planetesimals, Σ, is set at 0.01 of the total solid surface density given by Hayashi (1981) . From Fig. 8 , we find that R < 2 km for r ≈ 1 AU and R < 7 km for r > 20 AU are required to achieve u < 40 cm/s. 1I/'Oumuamua is considered to have been ejected from another planetary system. Ejection from a planetary system requires strong gravitational scattering by massive objects such as gas giants, passing stars, and central binary stars. However, such gravitational perturbation significantly increases the relative velocity between planetesimals. Thus the shape of 1I/'Oumuamua is probably formed in a place without large bodies, which may be in an outer protoplanetary disk, and then 1I/'Oumuamua is drifted inward to the vicinity of gas giants or central binary stars where it could be ejected (e.g., Raymond et al. 2018; Jackson et al. 2018) . Ejection by central binary stars may be favorable because it could explain lack of cometary activity from 1I/'Oumuamua. A close encounter with binary stars could evaporate the volatiles from 1I/'Oumuamua (Jackson et al. 2018) . In contrast, an early stellar encounter ejects planetesimals directly from an outer disk (e.g., Kobayashi et al. 2005) .
Gravitational scattering of planetesimals due to gas giants is supposed to produce the Oort cloud (e.g., Bandermann & Wolstencroft 1971; Fernandez 1978; Higuchi et al. 2006 ). We do not discard the possibility that 1I/'Oumuamua may come from the Oort cloud, since the extremely elongated shape of 1I/'Oumuamua could be formed in the primordial solar system through collisional elongation. Thus, 1I/'Oumuamua might be formed in the primordial solar system, scattered by gas giants into the Oort cloud, and then perturbed again by possibly a stellar encounter achieving the eccentricity larger than unity.
Survivability of extremely elongated shapes through ejection processes
As we discussed in the previous subsection, 1I/'Oumuamua is considered to have been ejected from another planetary system. However, the ejection requires a close encounter with a gas giant or a star, and the extremely elongated shape of 1I/'Oumuamua may possibly be destroyed due to tidal force if the encounter distance is too small. Here, we discuss the survivability of the shape of 1I/'Oumuamua through ejection processes.
We consider a prolate object with major axis length a, intermediate (minor) axis length b, and density ρ s orbiting around a central body with density ρ s , radius R c , and mass M c = (4/3)πR 3 c ρ s . The prolate body is efficiently deformed when the major axis points toward the central body, and the specific tidal force acting on the surface of the prolate object is
where d is the distance between the prolate object and the central body. On the other hand, the specific self-gravitational force of the prolate object on the surface on its major axis is given by (Chandrasekhar 1969 )
where
The tidal deformation or disruption occurs when F t > F s . The condition is written as
For an extreme shape with b/a = 0.1, d R = 3.2R c , which is comparable to the radius of the central body. Planetesimals are ejected due to interactions with binary stars once their orbital semi-major axes are smaller than a c , which is estimated to be a c ≈ 2.4a b for an equal-mass circular-orbit binary with orbital separation a b (Holman & Wiegert 1999) . The binary separation a b is much larger than d R ; planetesimals are ejected before they experience tidal disruption.
Planetesimals are ejected from the parent disk due to a stellar encounter with the encounter distance of ∼ 100 AU (Kobayashi & Ida 2001) . Therefore, the encounter distance is much larger than d R so that tidal deformation is negligible.
A giant planet perturbs a circular-orbit planetesimal, resulting in an increase in orbital eccentricity of the planetesimal (Ohtsuki et al. 2002) . Its eccentricity becomes larger than ∼ 0.3, and the planetesimal may then escape from the planetary system by the scattering due to the gas giant (Higuchi et al. 2006) . The encounter distance required for the eccentricity increase and the escape is estimated to be on the order of the Hill radius (Ida 1990; Fernandez 1978) , which is 740 times larger than the radius of the planet for Jupiter. Therefore, the extremely elongated shape of 1I/'Oumuamua can be kept through ejection processes.
Conclusion
1I/'Oumuamua is the first interstellar object observed. This object may have an extremely elongated shape with the ratio between intermediate axis length b and major axis length a less than 0.3. Clarifying the mechanism or necessary conditions to form extremely elongated objects may reveal the environment of the planetary system that 1I/'Oumuamua originated from.
We conduct numerical simulations of planetesimal collisions using SPH for elastic dynamics with the friction model and the self-gravity. We assume that planetesimals do not have tensile strength but have shear strength and shear strength is determined by the friction of granular material. Collisions for 50 m sized planetesimals are simulated with various ratios of impactor mass to target mass q, friction angles of granular material φ d , impact velocities v imp , and impact angles θ imp . As a result, we confirm that extremely elongated shapes of impact outcomes with b/a < 0.3 are formed through some impacts with the following conditions:
• v imp sin θ imp ≈ 5.1 cm/s, θ imp ≤ 20
• , and v imp ≤ 24 cm/s for q = 1 and φ d = 40
• (Fig. 2 ).
• v imp sin θ imp ≈ 7.4 cm/s, θ imp ≤ 30 • , and v imp ≤ 35 cm/s for q = 1 and φ d = 50
• (Fig. 4) .
• θ imp = 20
• and 23 cm/s ≤ v imp ≤ 27 cm/s for q = 0.5 and φ d = 50
• (Fig. 6 ).
Thus the formation of extremely elongated objects through collisions roughly requires q ≥ 0.5, φ d ≥ 40
• , v imp ≤ 40 cm/s, and θ imp ≤ 30
• . We estimate the conditions to produce 1I/'Oumuamua, i.e., the conditions for impacts with v imp < 40 cm/s between 100 m sized bodies, in a protoplanetary disk given by the minimum mass solar nebula model. Turbulent stirring increases collisional velocities, and impacts with v imp < 40 cm/s require α < 5 × 10 −4 for 1 AU < r < 20 AU and α < 5 × 10 −4 (r/20 AU) 2 for r > 20 AU, where α is the turbulent strength and r is the orbital radius of colliding bodies. These values of α are found in MRI inactive disks such as HL Tau. Large planetesimals also increase relative velocities between small planetesimals because of gravitational stirring. We estimate that planetesimals with radius R > 7 km induce v imp > 40 cm/s. Some studies suggest other mechanisms to form extremely elongated objects such as catastrophic disruption, tidal disruption, particle abrasion, and deformation due to spin-up. To constrain the mechanism to form extremely elongated objects, detailed observation of asteroids with such shapes are useful. The Near Earth Asteroid (1865) Cerberus also shows the large luminosity variation with ≈ 2.3 mag and may have a shape with b/a ≈ 0.33 (Ďurech et al. 2012) . Information such as detailed shapes or density of extremely elongated asteroids will give us clues to reveal the formation mechanism.
In this paper, we provide quantitative conditions to form extremely elongated objects through collisions between granular planetesimals. Other mechanisms such as tidal elongation and/or catastrophic disruption and gravitational reaccumulation may form extremely elongated objects, which can also be investigated with our numerical code. Therefore, we will further explore the detailed conditions to form extremely elongated objects through other mechanisms in future work, which will constrain the origin of such shapes in more detail.
